■ INTRODUCTION
Radionuclides released in the course of the Fukushima nuclear accident (March 11, 2011) have caused severe contamination of parts of the Japanese mainland. 1, 2 The damaged reactors of the Fukushima Daiichi nuclear power plant (FDNPP) released mainly radionuclides of volatile elements, such as 131 I, 132 Te, 134 Cs, 136 Cs, and 137 Cs, 3, 4 of which only radiocesium nuclides 134 Cs (T 1/2 = 2.07 y) and 137 Cs (T 1/2 = 30.08 y) are sufficiently long-lived to cause a long-term contamination of the affected areas. The largest amounts of radiocesium were deposited in a 3000 km 2 area northwest of the FDNPP. 5 Although located at a very close range to this NWcontamination strip, only minor amounts of radiocesium were deposited in the areas north of FDNPP. 6 However, two unusual detections of 90 Sr (T 1/2 = 28.8 y) and Pu with a "reactor signature" were made in vegetation samples from Minamisoma (taken in December 2011, approximately 16 km north of FDNPP) 7, 8 that challenged the expectations of a very low degree of contamination. Generally, radionuclides with medium ( 90 Sr) or low volatility ( 239,240 Pu) have been emitted from the FDNPP in low but detectable amounts. 9−11 These findings of environmental samples with an unusually high 90 Sr/ 137 Cs activity ratio 7 and a high 240 Pu/ 239 Pu isotopic ratio 8 from locations relatively far from the FDNPP, however, did not fit into the expected distribution pattern and raised the question of the existence of a different source or release mechanism which may be responsible for these unusual findings of refractory radionuclides in a low-contaminated area. In the present study, we investigated the hypothesis that resuspension of highly contaminated particles from the FDNPP site may be responsible for the observed anomalies and the late contamination of the previously little affected area north of FDNPP. The primary focus of this study is the debris removal operations from the FDNPP site on August 19, 2013 .
■ MATERIALS AND METHODS
Air Filter Radioanalysis. Air filters were installed in October 2012 in three locations north (Haramachi/Minamisoma), northwest (Tamano/Soma), and southwest of the FDNPP (Kamikawauchi/Kawauchi) and analyzed weekly for radioactive particles. The entire airborne dust in the air was collected weekly on quartz membrane filters using a highvolume sampler at flow rates of 500−1000 L/min (HV-1000F, Sibata, Saitama, Japan). Aerodynamic diameter-fractionated dust samples (100−11.4 μm to <0.46 μm) were collected using an Andersen cascade impactor sampler (AN-200, Tokyo Dylec Co., Tokyo, Japan) at a flow rate of 28.2 L/min. Unless otherwise stated, all activities were decay corrected to the time of sampling.
Soil Sampling. Twenty-one soil samples were taken on September 7, 2014 in the Minamisoma area ( Figure S1 ) and investigated for γ-emitting radionuclides ( 134 Cs, 137 Cs), as well as for 90 Sr and Pu. Dose rates on each location were measured in 1 m above ground (see Table S1 ). After removal of surface vegetation (excluding roots), sampling was performed with a drill core auger that yielded drill cores inside of plastic sleeves of 15 cm length and an inner diameter of 4.7 cm. In the laboratory, the sleeves were cut into six disk-shaped segments of 2.5 cm thickness each.
Radiocesium Analysis. Radiocesium activity concentrations in air filters and soil sample disks were analyzed by HPGe γ-spectrometry (Ortec GEM-15190). Dust sampling filters were packed in thin polyethylene containers (8 cm i.d., 0.5 cm height). Soil samples were filled in polyethylene cylinders (U8 container). Measurement durations were >40 000 s for air filter samples and >10 000 s for soil samples. Cesium-134 and -137 were quantified by their 604.7 and 661.7 keV photons, respectively. Peak summing effects of 134 Cs were corrected. Soil Radiostrontium Analysis. Analyzing only the top layer (2.5 cm) of each soil drill core was deemed sufficient for the purpose of this study, as previous analyses of drill cores from the area have shown thatif anyonly the top layer exhibited 90 Sr levels that are clearly elevated above background. Plutonium is characterized by a generally low mobility in the environment, as Mahara and Miyahara found migration rates of 1.25 mm y −1 for Pu from Nagasaki. 12 After drying the entire sample at 100°C for 24 h, approximately one-quarter of each disk was used (approximately 6 to 10 g) for analysis. For radiostrontium analysis using liquid scintillation counting (LSC), the separation of the Sr fraction is imperative. The procedure was conducted according to our previously developed analytical protocol. 7 Here, the procedure was conducted in two steps, the first of which was done at Fukushima University, and the second at Colorado State University. In brief, at Fukushima University, the samples were leached with a mixture of 4 mL HNO 3 (8 M ions to migrate out of the pores. We also followed the recommendation of Eichrom and introduced a break of at least 1 h after the first 5 mL of elution. The eluate was steamed off to almost dryness and then taken up in 1 mL of autoclaved and deionized H 2 O. This step was repeated 10 times and most of the acid removed to allow for perfect mixing with the Ultima Gold scintillation cocktail. The remaining liquid was transferred into LSC vials and mixed with 18 mL scintillation cocktail. After the separation, the LSC vials were measured for 6000 s with a HIDEX 300 SL scintillation counter (4 replicates, the first of which was discarded due to possible fluorescence effects in the cocktail after exposure to light). After ingrowth of 90 Y (at least 16 days after the first measurement), a second measurement was done, analyzing the sum activities of 90 Sr + 90 Y. This measurement was used also for quality control purposes, as it allows checking if the count rate almost doubled due to the ingrowth of the 90 Y. Sample vials with LSCdetectable activities were also measured on an HPGe γ-detector to check for any residual 134+137 Cs activities (however, no traces of any interfering radiocesium could be detected).
The extraction efficiency (Sr yield) of this procedure was 85% from soil, as determined using γ-emitting 85 Sr. For quantification, we used the reference material IAEA-373 (Radionuclides in Grass), which has a certified 90 Sr activity concentration. We applied the same extraction procedure to the reference material and found an extraction yield of 85% using an IAEA-373 aliquot spiked with 85 Sr. Soil Plutonium Analysis. Another quarter of the top surface soil disks (approximately 6−10 g) was used for plutonium extraction and analysis. The dried soil aliquot was weighed and ashed at 450°C for at least 2 h to remove organics. Then, 1.52 ± 0.03 mBq or (2.58 ± 0.06) × 10 10 atoms of a 242 Pu tracer were added (50 μL of a solution with c Pu-242 = 0.0304 ± 0.000654 Bq/mL) prior to leaching with 7 mL aqua regia and refluxing for 30 min. Bisinger et al.
14 found that leaching of Pu with aqua regia works well for geological sample matrices with high silica content. After leaching, the insoluble residue was filtered off using a paper filter. The filtrate was evaporated to dryness. The solid residue was taken up in concentrated HNO 3 and evaporated again. The residue was taken up in an aqueous solution of 3 M HNO 3 and 1 M Al(NO 3 ) 3 . In order to fix the valency of the analyte to Pu IV , the mixture was first reduced with 750 μL of a 40.8% Fe II sulfamate solution. After waiting for 5 min, 500 μL of an aqueous 3.5 M NaNO 2 solution were added (Caution! This step may cause the vigorous emission of poisonous NO x gas!). The sample solution was filled up to 35 mL using 3 M HNO 3 before loading on preconditioned Eichrom TEVA resin columns (2 mL) and rinsing with 3 M HNO 3 . The columns were transferred to Leibniz Universitaẗ Hannover for the final purification and workup. There, as the first step, the Pu was eluted using 0.1% hydroxylamine solution. Then the eluate was evaporated on a hot plate and then redissolved with 3 M HNO 3 . A second separation step was applied to optimize the separation between U and Pu using the TEVA resin. The Pu was coprecipitated together with Fe(OH) 3 . To remove any interfering compounds, a centrifuge step was implemented and the residue was washed with methanol. Afterward the residue was transferred into porcelain crucibles. By heating up to 800°C the Fe(OH) 3 was calcined to form Fe 2 O 3 . Finally the sample was mixed with metallic Nb powder in a ratio of 1:1 and pressed into an AMS target holder.
The accelerator mass spectrometry (AMS) measurement of Pu isotopes was performed at the Laboratory of Ion Beam Physics of ETH Zurich, Switzerland, using the upgraded compact, low energy AMS facility "Tandy". 15 With a transmission of up to 40% for uranium and thorium, 16 an abundance sensitivity on the order of 10 −12 , 17 and detection limits in the subfemtogram range for Pu isotopes, 18 the compact (lab-sized) ETH Zurich AMS system Tandy is well suited to detect ultratrace amounts of actinides. 20, 21 In WRF-Chem, dispersion and deposition of constituents in the atmosphere are consistent with the meteorological fields simultaneously calculated by the nonhydrostatic WRF framework. We have two computational domains including the FDNPP (Figure 1) . Domain 1 was 500 km wide from west to east and 600 km wide from south to north. Domain 2 was 90 km wide square. The horizontal resolutions for Domain 1 and 2 were 5 km and 1 km, respectively. The two domains communicated with each other through two-way nested runs; Domain 1 provided the boundary conditions to Domain 2, which fed computational results back to the mother domain. Both domains had the same vertical structure of 40 layers from the surface to 50 hPa with a pressure-based terrain-following coordinate system. The typical depth of the lowest layer was about 70 m. The initial conditions of both domains and boundary ones of Domain 1 for meteorological prediction were derived from 3-hly analyses with the mesoscale model of the Japan Meteorological Agency. 22 Cesium-137 is transported by grid-resolved wind fields and subgrid scale mixing, and removed by wet and dry deposition as particulate matter. Gravitational settling was considered in the transport and dry deposition processes. We observed a size distribution of 137 Cs bound to atmospheric dust with an activity weighted average on a logarithmic scale of 4.8 μm in Minamisoma City in August 2013 (Figure 2 ), and used a fixed diameter of 4.8 μm for
137 Cs in the model. Effects of the particle diameter on the results were explored through sensitivity tests.
Nuclear Regulation Authority (NRA) estimated radioactivity emitted from the FDNPP site in the course of the debris removal operations on August 19, 2013 (Figure 3 ). Cesium-137 was emitted exclusively in the lowest layer at the grid cell corresponding to the FDNPP, because the emission height was estimated to be about 40 m by NRA. 23 The simulation period was 06:00 on August 19th to 09:00 on August 20th, 2013 (JST). An initial atmospheric 137 Cs concentration of zero was assumed.
■ RESULTS AND DISCUSSION Air Filter Radioanalysis. In the course of this survey, several sporadic releases were observed months after the accident. We have checked press releases from the FDNPP operator (Tokyo Electric Power Company, TEPCO) and found that workers were reported to have been exposed to relatively large amounts of radioactive dust in the same weeks when high activity concentrations in air were detected by the air filter stations. Resuspension of radiocesium bearing particles has been addressed previously as a potential source for the dispersion of radionuclides from the Fukushima nuclear accident. 24, 25 Therefore, the hypothesis of this study has been that the radioactive particles observed in the air monitoring campaign originated from the FDNPP site. Table 1 ), suggesting that the estimated magnitude of the emission on August 19, 2013 must have been greater at least by a factor of 3.61 (i.e., 3.61 × 7.7 × 10 10 = 2.8 × 10 11 Bq). Since we considered only emissions involved in the debris removal operations at the FDNPP site in the period of 9:20 to 10:40 and 13:30 to 14:00 (JST) of this day as the source term ( Figure  3) , the modeled 137 Cs concentrations in surface air outside of the downwind regions were as extremely low as shown at Kamikawauchi ( ) and is decay corrected to the date of sampling. and Minamisoma City ( Table 2 ). The simulated deposition fluxes can reproduce the observed ones at factors of 0.61−1.4 except Koriyama, a district in Futaba Town 3.0 km away from the FDNPP.
We conducted sensitivity tests to the particle diameter (Dp) ( Table 3) . Model results were fairly sensitive to Dp because there was no rainfall in the direction of the dispersion on August 19, 2013 so that gravitational settling was controlled mainly by Dp. By using Dp of 2.5 μm (Slow Deposition Case), atmospheric concentrations increased moderately, while deposition fluxes decreased to about half of those by the control run. This made a negative demonstration for the possibility that the underestimation in the control run is due to excess gravitational settling (Table 1) . Using Dp of 50 μm (Fast Deposition Case), deposition flux at Koriyama increased by 1 order of magnitude, while those at Namie and Fukuura decreased by 1 order of magnitude, and a rather small amount of 137 Cs was transported further than 20 km from the FDNPP. The results of the Fast Deposition Case suggested that the emission event on August 19, 2013 contained a large amount of radionuclides bound to coarse particles with a much greater diameter 4.8 μm used in the control run, which was determined on the basis of the observation at Haramachi 26.2 km away from the FDNPP. It was also suggested that the monthly deposition of 24 000 Bq/m 2 /month observed at Koriyama was due to mainly coarse particles, which were likely transported only to the closer vicinity of the FDNPP and not to the presently inhabited regions in the Minamisoma area.
It should be noted that the emitted particles had various sizes as observed in Haramachi (Figure 2) , although we used a fixed Dp of 4.8 μm in the control run. Particles with greater diameter (>1 μm) have faster deposition rates as demonstrated in the sensitivity tests so that using a greater Dp could increase the estimated value of the scale factor. However, it was also observed that particles with a diameter between 3.3 and 7.4 μm contributed 68.6% to the total radioactivity. We confirmed that the modeled surface air concentration of 137 Cs at Haramachi changed by only 38.1% using Dp of 3.3 or 7.4 μm. Given theoretical rationality, we fully understand that the assumption on the particle size is critically sensitive for dry deposition. However, sensitivity analysis demonstrated that our results were robust even with uncertainties in particulate sizes.
Soil Radioanalysis. Soil samples from 21 sites in the Minamisoma area ( Figure S1 ) were analyzed for 134 Cs, 137 Cs, 239 Pu, 240 Pu, and 90 Sr. Results for radiocesium are summarized in Table S1 . Cesium-137 deposition (down to 15 cm depth) revealed a very ununiform picture with great local fluctuations ( Figure S2 ). Figure S2 reveals that the radiocesium deposition a Geographical location in Figure 5 . b Sample collected from August 9 to 20, 2013. c Factor of underestimate in parentheses. a Geographical location in Figure 5 . b Multiplied by a scale factor of 3.61. Fractional portion to observed value in parentheses. exhibits great differences even between locations in a short distance.
We also attempted the identification of the respective source of a contamination by 134 Cs/ 137 Cs activity ratios. This method can reveal different sources, because 134 Cs buildup in nuclear fuel is a function of fuel burn-up. 27, 28 We found that the 134 Cs/ 137 Cs ratios were roughly consistent in the top three layers of the soil cores (Figures S3a and S3b) . Hence the average of the top three layers (7.5 cm) was used to calculate the 134 Cs/ 137 Cs ratio of each spot as of the day of sampling (September 7, 2014) ( Figure 6 ).
The majority of the eastern locations seem to be contaminated with radiocesium with a lower 134 Cs/ 137 Cs ratio, whereas the western locations tend to higher 134 Cs/ 137 Cs activity ratios (with one exception: sample 9−1), which indicates that probably different sources have contaminated these very close locations. The activity ratio data in Table  S1 show that these differences are at least partly statistically significant. A current press release from TEPCO indicates that reactor unit 3 of FDNPP could be the source of the contaminations owing to its characteristic low 134 Cs/ 137 Cs activity ratio. 29 Air samples taken by TEPCO in close vicinity to unit 3 show a low 134 Cs/ 137 Cs activity ratio of 0.28 (decay corrected to the day of sampling on September 7, 2014). It is interesting, however, that the activity in the air filter from Haramachi/Minamisoma reveals a high 134 Cs/ 137 Cs activity ratio of 0.375 (decay corrected to September 7, 2014) ( Table  S2) .
The presence of refractory radionuclides may be a much more conclusive indicator for contaminations of the Minamisoma area with airborne dust from the FDNPP site. As shown in previous studies, both 90 Figure S4 ), and hence do not provide evidence for a contamination with reactor Pu. However, since Pu is distributed in particulate form, this negative result could also be caused by a kind of "nugget" effect: If no Pu particle has been present in the very sampling site, this could pretend the lack of environmental reactor Pu, although it may have been present in other spots of the very location.
A Cs ratio of up to 1.1, albeit at much lower overall activity levels. 32 In summary, this study reveals significant intermittent releases of airborne radionuclides in August 2013, long after the initial releases caused by the Fukushima nuclear accident in spring 2011. Increased activities were observed at the air filter station in Haramachi/Minamisoma in the week of August 15 to 22, 2013 . Although the resuspension of deposited radionuclides has been identified as a potent source for transport of radioactive contaminants, 24, 25 we could show herein that in fact the site of FDNPP is likely to be the source of one of the most pronounced sporadic releases since the accident. Modeling confirms that debris removal actions taking place in this week are likely to have contaminated the area of Minamisoma that has had very low contamination levels previously. Pu isotopic ratios observed in soil remain inconclusive to support the hypothesis. However, one extraordinary high contamination of soil with 90 Sr in the center of the simulated plume indicates the contamination of the location with dust particle stemming from the FDNPP site. The high non-uniformity of the contamination levels and 134 Cs/ 137 Cs signatures is most probably due to nonuniform deposition of radioactive particulate matter, causing high local fluctuations in the soil samples taken in the course of this study. Our results indicate that a total of 2.8 × 10
11 Bq 137 Cs has been released from the FDNPP site by resuspension in the course of the debris removal operations on August 19, 2013 . This release corresponds to approximately 1/50 000 of Fukushima's total atmospheric releases of 137 Cs (14.5 PBq). 33 Finally, this study evidences that significant secondary releases of radionuclides by resuspension processes and eolian transport The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.est.5b03155. Figure S1 . Location of Minamisoma City and the soil sampling locations in the area. Figure S2 . Cesium-137 deposition (to 15 cm depth) at the sampling sites around Minamisoma. Figure S3 . Depth profile of the 134 Cs/ 137 Cs activity ratios in the soil drill cores. The reference corresponds to the "integral" signature of the Fukushima accident of 0.98 at the time of the accident, 28 decay corrected to the time of sampling (September 7, 2014). Figure S4 . Isotopic ratios of 240 Pu/ 239 Pu in soil samples in the Minamisoma area (PDF) Table S1 . Geographical soil sample information and gamma-spectroscopic results of soil samples from the Minamisoma area. 
